Exposures to ionizing radiation (IR) may either be accidental or intentional, for medical purposes or even through terrorist actions. As certain populations emerge to be more radiosensitive than others, it is imperative to assess those individuals and treat them accordingly. To demonstrate the feasibility of rapid identification of such cases, we utilized the highly radiosensitive mouse model Atm -/-in the C57BL/6 background, and evaluated the urinary responses in 8-10 week old male mice at early time points (4, 24, and 72 h) after exposure to their respective LD 50/30 doses [4 Gy for Atm -/-, and 8 Gy for wild type (WT)]. Urinary profiles from heterozygous animals exhibited remarkably similar responses to WT before and after radiation exposure. However, genotypic differences (WT or Atm -/-) were the primary driver to responses to radiation. Putative metabolites were validated through tandem mass spectrometry and included riboflavin, uric acid, D-ribose, D-glucose, pantothenic acid, taurine, kynurenic acid, xanthurenic acid, 2-oxoadipic acid, glutaric acid, 5 0 -deoxy-5 0 -methylthioadenosine, and hippuric acid. These metabolites mapped to several interconnected metabolic pathways which suggest that radiosensitive mouse models have underlying differences significantly impacting overall metabolism. This was further amplified by ionizing radiation at different time points. This study further emphasizes that genetically based radiosensitivity is reflected in the metabolic processes, and can be directly observed in urine. These differences in turn can potentially be used to identify individuals that may require altered medical treatment in an emergency radiological situation or modification of a regimen during a radiotherapy session. Environ. Mol. Mutagen. 00:000-000, 2018. V C 2018 Wiley Periodicals, Inc.
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INTRODUCTION
Exposure to ionizing radiation, whether intentional or accidental, has increased the need for methods of rapid identification of exposed individuals. Incidents such as nuclear plant explosions (i.e. Chernobyl) or contamination of populations from mishandling of medical equipment (i.e. Goiânia, Brazil) [IAEA, 1988] highlight the importance for early and correct determination of the type and amount of radiation exposure one has received to rapidly and effectively provide appropriate medical treatment [NCRP, 2005] . This is particularly important in the case of a nuclear detonation, where thousands to millions of individuals will have to be rapidly assessed for radiation exposure [DiCarlo et al., 2011] . In addition, radiotherapy treatments, whether receiving partial or whole body irradiation, can lead to large delivered doses. During such treatments certain populations have emerged that exhibit higher than normal radiosensitivity. It is estimated that 2-4% of humans have a variable degree of sensitivity to ionizing radiation (IR) that can also increase their risk of developing cancer after IR exposures [National Academy of Sciences, 2006] , with particular importance for Additional Supporting Information may be found in the online version of this article.
children who are in a more radiosensitive population. Radiotoxicity in these populations remains a primary concern for both short and long term. Identifying such individuals for biodosimetry or radiotherapy purposes is important for determination of effective treatment, whether through cytokine administration, transfusions, or modification of radiation regimen. The Health and Human Services (HHS) and the National Institute of Allergy and Infectious Diseases (NIAID) have designated under the biodosimetry program that rapid assessment of individuals after a radiological incident should begin at the earliest 24 h after the incident and continue in the first week, to provide immediate medical treatment that can save individuals from radiation-induced hematopoietic death, among other acute radiation exposure symptoms.
Metabolomics for radiation biodosimetry has been recognized as a powerful -omics approach to identify and quantify biomarkers through analysis of biofluids (urine, blood, saliva) and tissues in a minimally invasive manner [Coy et al., 2011; Pannkuk et al., 2017] . The collective assessment of small molecules (<1kDa) with technologies such as liquid chromatography (LC) and/or gas chromatography (GC) coupled with mass spectrometry (MS) can provide important information on the overall metabolic phenotype of an individual and responses to genotoxic agents. Studies for various radiation scenarios (dose, dose rate, external vs. internal emitters, radiation quality) have painted a picture of metabolic differences that can be used to investigate early outcome and possible delayed effects [reviewed in Pannkuk et al., 2017] . In addition, genotypic differences, such as in the Parp1 -/-mouse model with defects in base excision repair, have shown a dramatic alteration to baseline metabolism and after exposure to IR [Laiakis et al., 2016] . Alterations in other signaling pathways involved in processes such as DNA repair are therefore expected to have unique metabolic fingerprints that can differentiate them from unirradiated or other genotypes based on construction of signatures, as has been recently demonstrated on a gene expression level in blood [Rudqvist et al., 2017] .
Here, we extend our previous studies with metabolomics that explored the role of particular gene mutations in responses to ionizing radiation to include responses in the signaling pathway associated with ataxia telangiectasia mutated (Atm). Deficiency in ATM is associated with severe radiosensitivity in the human population and constitutes an extreme case of investigating genetic involvement to radiation injury. Atm has a multifaceted role in radiation responses through activation of DNA repair pathways, cellular metabolism [Shiloh and Ziv, 2013] , and mitochondrial homeostasis . Atm patients are characterized by radiosensitivity, neurodegeneration, defects in T-cell maturation, and infertility. Although Atm homozygotes are well characterized, Atm heterozygotes are generally uncharacterized and carriers are undetermined, as they are phenotypically normal. Meta-analysis of data from carriers estimates that they have an increased risk of cancer and ischemic heart disease [van Os et al., 2016] and even modestly increased cellular radiosensitivity [National Academy of Sciences, 2006] .
In this study, we analyzed urine from Atm -/-mice exposed to IR to identify metabolomic responses for the purpose of radiation biodosimetry, with time points relative to NIAID's objectives (day 1 and 3 post irradiation). A very early time point (4h) provided further information on the kinetics of select biomarkers. LD 50/30 doses were used for each genotype, based on previously published reports (8 Gy for WT and 4 Gy for Atm -/-). Baseline metabolomic profiles differed significantly between WT and Atm -/-, while heterozygotes resembled WT. Metabolic differences were identified as early as 4 h post IR and a combination of 5 metabolites was able to classify LD 50/30 exposed WT from Atm -/-with high sensitivity and specificity. Utilizing extreme rare cases such as this for radiation biodosimetry can provide the basis for construction of biosignatures that can include results from genetic variants for a more comprehensive screening of individuals in a radiological event. Furthermore, this highlights the power of metabolomics to identify phenotypic differences based on small molecule analysis.
MATERIALS AND METHODS

Chemicals
All chemicals and solvents utilized were of the highest purity available. Water and acetonitrile were Optima LC/MS grade (Fisher Scientific). Debrisoquine sulfate, 4-nitrobenzoic acid, and chlorpropamide were utilized as internal standards (Sigma-Aldrich V R , St. Louis, MO). Riboflavin, kynurenic acid, pantothenic acid, uric acid, 2-oxoadipic acid, D-ribose, D-glucose, hippuric acid, glutaric acid, xanthurenic acid, and taurine were also purchased from Sigma-Aldrich Cs source at a dose rate of 1.45 Gy/min. Equitoxic LD 50/30 doses were used for each genotype as previously published [Budach et al., 1992; Barlow et al., 1996; Laiakis et al., 2014] , with 8 Gy for WT and 4 Gy for Atm. WT and Atm 1/-(het) were also exposed to 4 Gy for equidose comparisons. Urine samples were collected with metabolic cages, as previously described [Laiakis et al., 2012] , at 4 h, days 1 and 3 postirradiation, and stored at 2808C until analysis. The n of each group of mice is shown in Supporting Information Table I .
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Sample Processing and Biomarker Validation
Urine samples were prepared as previously described in detail in 50% acetonitrile: 50% water [Laiakis et al., 2012 [Laiakis et al., , 2016 with internal standards for monitoring of retention time drift. Quality control (QC) samples consisted of pooled urine samples, prepared in a similar manner, and run every 21 samples. Two ll of sample were injected into a Waters Acquity Ultra Performance Liquid Chromatography (UPLC) system coupled to a Xevo G2 time-of-flight mass spectrometry system (Waters Corporation, UK). A BEH C18 column, 130 Å was used for chromatography at 408C. The chromatographic and MS conditions are presented in Supporting Information Table II . MS data were acquired in centroid mode (50-1200 Da) in both positive (ESI1) and negative (ESI-) ionization modes in MS E function, with intermittent injections of leucine enkephalin as Lockspray V R for mass accuracy correction. For validation of putative biomarkers with tandem mass spectrometry (MS/MS), pure chemicals were diluted in 50% acetonitrile: 50% water to a concentration of 50 lM and fragmented with ramping collision energy. Fragmentation patterns from urine QC samples were compared to those from the pure standards and cross-referenced to MS/MS spectra in the METLIN library [Smith et al., 2005] .
Data Processing and Analysis
Peak alignment and data deconvolution were performed with the software MarkerLynxV R (Waters), and the ion intensities for each detected peak were normalized against the sum of the peak intensities within that sample. Normalization for each sample to account for changes in glomerular filtration rates was conducted to its respective creatinine levels
1 5 114.0667 with retention time 0.35 min. Multidimensional scaling plots (MDS) and heatmaps were generated with the machine learning algorithm Random Forests [Breiman, 2001] through R [Team, 2016] from the top 100 ranked ions. Twenty-five independent random forests were constructed with each random forest utilizing 10,000 trees to rank the ions according to importance. Potential biomarkers were also identified with the statistical software MetaboLyzer [Mak et al., 2014] , an informatics pipeline for analyzing untargeted metabolomics data. Briefly, complete-presence ions, which are defined as ions having a presence in at least 80% of the samples in both control and experimental groups, were analyzed via the nonparametric Mann-Whitney U test. Outliers were removed via 1.5 interquartile range (IQR) based filtering, and zero abundance values were also excluded during analysis. Partial-presence ions, which are defined as ions having an 80% presence in only one group, were analyzed categorically via the Barnard's test. All P values were corrected via the Benjamini-Hochberg stepup false discovery rate (FDR) procedure, and only ions with an FDR corrected P value of <0.10 were further scrutinized. Putative identities were obtained through the databases Kyoto Encyclopedia of Genes and Genomes (KEGG) [Kanehisa and Goto, 2000; Kanehisa et al., 2014] , Human Metabolome Database (HMDB) [Wishart et al., 2013] , and LIPID Metabolites and Pathways Strategy (LIPID MAPS V R ) [Sud et al., 2007] , via neutral mass elucidation from the MS1 m/z values with a ppm error threshold of 10. Volcano plots (-log 10 FDR corrected p-value vs. log 2 fold change) were constructed from analysis of the complete-presence ions.
Graphical representation was conducted with the software Prism 6 (GraphPad Software). The nonparametric Mann-Whitney U test (P < 0.05 considered significant) through the same software was used to calculate the P values reported in the figures, after outlier identification and removal with the ROUT testing and Q 5 0.1%, which is considered aggressive for removal of definitive outliers. Intergroup statistical analysis was performed with one-way ANOVA and Tukey's multiple correction test (P < 0.05 considered significant). Error bars are shown as standard error of the mean (SEM).
Receiver operating characteristic (ROC) curves and area under the curve (AUC) calculations were conducted through the software MetaboAnalyst [Xia and Wishart, 2011; Xia et al., 2015] by either including the full panel of identified and positively validated metabolites or a smaller subset. Features with >50% missing values were excluded, the data was Pareto scaled, and Random Forests were selected as the classification method and feature ranking method. An AUC value of >0.9 was considered excellent, while 0.8-0.9 was considered a good classification model and <0.8 fair.
Fold Changes and Statistically Significant Ion Comparisons
No trend alterations were considered when fold changes were calculated between the limits of 0.85 and 1.15. These numbers were chosen to reflect at least a 15% change of levels (increased or decreased relative to control). Fold changes with increases between 1.15 and 2 were represented with "and >2 with "". Fold changes with decreases between 0.85 and 0.5 were represented with # and <0.5 [corresponding to 22 as calculated through -(1/fold change of 0.5)] with ##. Statistically significant ion comparisons were based on the results from MetaboLyzer with the Mann-Whitney U test and Barnard's test. Only ions that had at least one putative identification through HMDB, and therefore potential biological significance, were included in the analysis.
RESULTS
MS1 data for each sample was normalized to their respective endogenous creatinine level. No statistically significant differences were observed between creatinine levels at 4 h, day 1 (D1), and day 3 (D3). Supporting Information Figure 1 shows the creatinine levels for D1 between the different groups, as biomarker identification was based on this time point and expanded to the other two.
Random Forests analysis ranked the deconvoluted ions according to importance. Baseline analysis of metabolic differences between WT, Atm 1/-(het), and Atm -/-showed a clear separation on dimension 1, indicating that absence of a functional ATM is disruptive of the overall metabolism. The het group had a more similar metabolic pattern to WT ( Figure 1A) , with this pattern persisting after exposure to IR ( Figure 1B) . The similarities between the WT and het groups were further highlighted in depiction of the levels of the top 100 ranked ions with heatmaps ( Figure 1A,B) , where it appears that heterozygosity of this particular gene did not contribute to significant metabolomic changes, at least as determined in the urine. For this reason, het samples were not further analyzed. To graphically represent the most impactful putative metabolite changes in a two-group comparison, volcano plots were constructed, plotting the statistical significance of FDR corrected P values vs. fold change ( Figure 1C) . WT vs. Atm -/-showed a shift towards a high statistical significance and fold change of metabolic levels, whether at basal levels or after exposure to equitoxic doses 4 Gy for Atm -/-and 8 Gy for WT. Univariate analysis was conducted via MetaboLyzer, an informatics pipeline for metabolomics, focusing on MS1 ions with HMDB assigned putative identities in order to elucidate biologically meaningful interpretations to the statistically significant results. A total of 279 putatively identified metabolites were found to be perturbed between Environmental and Molecular Mutagenesis. DOI 10.1002/em Metabolomics of Atm^/^Mice . Both MDS plots were constructed through Random Forests of the top 100 ranked ions. These same ions were used to construct heatmaps, with darker colors indicating higher normalized abundance per sample. C: Volcano plot of basal levels and responses to semi-lethal doses, following removal of basal genotypic differences. Statistically significant ions (FDR < 0.1, Mann-Whitney U test) are highlighted in red. . Radiation responses in the two genotypes showed a clear higher response on the Atm -/-genotype (198 ions) compared to WT (131 ions). Following exposure to LD 50/30 doses or doses that do not lead to death and initial removal of the baseline genotypic differences from the univariate analysis, it was evident that responses were primarily influenced by the underlying genotype instead of the stressor itself. Equitoxic doses revealed 313 statistically significant ions with a putative HMDB identity that were differentially excreted in urine, while equidose exposures showed 203 differentially excreted ions. The results are shown for comparison in Figure 2A .
Further validation through MS/MS led to the positive identification of twelve metabolites. Table I describes the identified m/z and retention time, in addition to the major fragments from MS/MS and the metabolic pathways that are generally associated with each metabolite. In particular, riboflavin, kynurenic acid, xanthurenic acid, 5 0 -deoxy-5 0 -methylthioadenosine, and pantothenic acid were identified on ESI
1
. Uric acid, 2-oxoadipic acid, D-ribose, D-glucose, hippuric acid, glutaric acid, and taurine were identified on ESI 2 . These biomarkers are intermediates in various metabolic pathways that form an interconnected network, as depicted in Figure 2B . Baseline comparison clearly showed that the metabolism in Atm -/-animals is perturbed, with higher trends of excretion in those mice compared to WT. Calculated fold changes for genotypic differences and responses to radiation, trends, and FDR corrected P values of univariate statistical analysis with the Mann-Whitney U test are shown in Table II . Results showed that Atm -/-mice (with and without IR) exhibited a generalized higher response for all metabolites at D1 post IR when compared to WT. Kynurenic acid was the only biomarker that showed >2 fold change with or without IR. Interestingly, although trend analysis showed similar patterns between the equitoxic analysis and equidose analysis, it was the equidose analysis that revealed the highest statistically significant differences in these markers with P < 0.05 at both D1 and D3. Some graphed examples of biomarkers at D1 are shown in Figure 3 .
ROC curve analysis (Figure 4 ) with the combination of all twelve metabolites as a signature gave a high degree of confidence in identifying Atm -/-and WT both exposed to 4 Gy, with high sensitivity and specificity at all time points (AUC for 4 h 5 0.903, AUC for D1 5 0.893, AUC for D3 5 0.942). However, the full signature did not fare well when equitoxic doses were compared (AUC for 4 h 5 0.69, AUC for D1 5 0.662, AUC for D3 5 0.753), indicating that based on the collective biomarkers the signal that can distinguish between the two different genotypes may be weakened. By constructing ROC curves for the individual metabolites (data not shown), we selected the top five based on their individual values. For 4 h uric acid, 2-oxoadipic acid, kynurenic acid, xanthurenic acid, and pantothenic acid were Environmental and Molecular Mutagenesis. DOI 10.1002/em combined to give an AUC of 0.7. At D1 2-oxoadipic acid, D-Ribose, hippuric acid, glutaric acid, and kynurenic acid were combined to give an AUC of 0.8. Finally, at D3, 2-oxoadipic acid, glutaric acid, taurine, xanthurenic acid, and 5 0 -deoxy-5 0 -methylthioadenosine were combined to give an AUC of 0.902. Therefore, by limiting the biosignature to a small number of metabolites we can increase the accuracy and sensitivity and specificity.
DISCUSSION
In this study we investigated the urinary metabolomic responses of Atm -/-, a genetic model that is well characterized for its increased radiosensitivity compared to WT mice. This represents an extreme model and although individuals exist in the population that carry such mutations, carriers are more prevalent. The radiosensitivity associated with the carriers however, remains largely unknown. However, increased chromosomal aberrations in heterozygotes have been documented following radiation exposure [Tchirkov et al., 1997] together with an increased risk of developing contralateral breast cancer [Bernstein et al., 2010 [Bernstein et al., , 2017 . For the purposes of biodosimetry or radiotherapy, a metabolic signature will need to be inclusive of all degrees of radiosensitivity. Therefore, here we demonstrate the effects a genetic mutation can have on metabolism and the variable responses compared to an equitoxic dose in WT mice. We previously analyzed urine from Parp1 -/-mice [Laiakis et al., 2016] with defects in base excision repair, where we showed possible systemic perturbations in the tricarboxylic acid (TCA) cycle and other metabolites associated with energy metabolism, as observed in urine.
We extended our studies to analyze urine from Atm -/-mice with a generalized defect in signaling post IR and Atm 1/-to investigate whether heterozygosity manifests in an intermediate phenotype.
Overall baseline metabolic profiles levels of Atm -/-, Atm
1/-
, and WT and of irradiated mice revealed that the urinary profiles of the heterozygous mice were closer to WT and responded to radiation in a similar manner. Unlike cytogenetic parameters and epidemiological data that have identified a clear radiosensitivity of Atm carriers, this was not evident in urinary metabolomic data. Further research with other biofluid or tissue analysis may however reveal such a relationship. For our purposes no further analysis was conducted on Atm 1/-. Metabolites that were identified in this study mapped to a variety of metabolic pathways, and in a simplified way, shown in Figure 2B , exhibited an interconnected network of metabolic changes. Compared to our previously published study on Parp1 -/-mice [Laiakis et al., 2016] , alterations in the canonical energy metabolism pathway (TCA cycle) were not observed in urine. Therefore, it is possible to discriminate between genotypes associated with severe radiosensitive syndromes and their responses to IR with the use of global metabolomics and construction of highly targeted signatures. However, it should be emphasized that the responses to radiation are largely driven by the underlying genetics at the early time points post IR. Interestingly, when dissecting the kinetics for each biomarker in each time point, seen through fold Table II , there was a considerable shift to increased excretion of the majority of the biomarkers as time progressed, highlighting that Atm -/-mice show considerable metabolic dysregulation. This was also evident in the equitoxic comparison and in the equidose comparison, further indicating that the Atm -/-genotype is a significant contributing factor in the responses to IR. It is also possible that the inability to effectively mount a response to the radiation exposure, as Atm is a key regulator of signaling pathways that initiate processes such as DNA repair, may lead to increased apoptotic levels and elimination of such products in urine.
Limited metabolomic studies have investigated responses to radiation in these mouse models, and particularly in easily accessible biofluids such as urine. Two studies in ATM deficient isogenic cell lines [Varghese et al., 2010; Jung et al., 2011] showed perturbations in purine metabolism, linoleic acid metabolism, arginine, and proline metabolism, and fructose and mannose metabolism amongst the most prominent altered metabolic pathways. The connection between ATM deficiency, radiation, and metabolic alterations are well known, including direct phosphorylation of key mitochondrial proteins and reactive oxygen species (ROS) regulation following exposure to genotoxic stressors [Shiloh and Ziv, 2013] . Such significant metabolic alterations were also indicated in our study, with increases in metabolites such as uric acid (anti-oxidant) from purine catabolism [Tasaki et al., 2017] and glutaric acid (pro-oxidant) from fatty acid degradation [Latini et al., 2007] . Fig. 4 . ROC curves and AUC values of equidose or equitoxic exposures with twelve identified metabolites over three time points. Equidose graphs showed a high sensitivity and specificity, while equitoxic doses showed an improvement by restricting the signature to the highest qualified metabolites (n 5 5).
Environmental and Molecular Mutagenesis. DOI 10.1002/em One metabolite, 5 0 -deoxy-5 0 -methylthioadenosine (MTA) has been implicated in processes such as apoptosis, differentiation, proliferation and even gene expression changes, as it can be metabolized to 5-methylthioribose-1-phosphate and adenine, further associated with both methionine and purine metabolism [Mills and Mills, 1985; Avila et al., 2004] . Elevated levels in urine post IR in the early time points (4 h and D1) may be directly related to downstream deficient DNA repair, as cleavage of MTA provides adenine endogenously [Fitchen et al., 1986] and lowering of the endogenous pool due to loss may contribute to errors. The increased levels of this metabolite at the early time points, as compared to the levels in the equidose WT group, indicate that apoptosisrelated metabolites are perturbed to a significant level in the Atm -/-genotype compared to WT. As apoptosis is initiated by high IR exposure as one of the steps in the IR response, products of such can be reflected in urine at time points as early as 4 h post IR.
Finally, although the overall endogenous metabolism in highly perturbed in the Atm -/-mice, the pattern is clear that there is elevated excretion of important metabolic intermediates. Although in some cases, i.e. equidose exposures, a large panel of biomarkers may offer high classification between the groups, in other cases a smaller panel may provide increased classification power, as seen in our study. Given that metabolomic analysis is a rapid and high throughput method, the incorporation of multiple biomarkers in a radiation signature is feasible and could be accurately used in an emergency situation to effectively provide medical specialized treatments. In another scenario, monitoring of radiation responses in radiotherapy patients that receive high doses may lead to modifications of radiotherapy regimens to protect normal tissue. Such investigation will be of particular importance in individuals receiving whole body irradiation prior to hematopoietic stem cell transplantation, particularly in pediatric populations. The genotype chosen in this study constitutes an extreme of radiosensitivity and therefore it remains to be answered whether genetics that confer intermediate radiosensitivity may also be identified through metabolomics methods in other biofluids or tissues.
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